Increasing the proportion of electricity produced by intermittent renewable energy sources raises impact on power systems. The goal of the study was to evaluate the benefits from "vehicle-to-grid" (V2G) systems for integration of intermittent sources using the Latvian power system as the case. The energy system analysis tool "EnergyPLAN" was used for modeling of scenarios. The results show that the V2G system could provide an important benefit for "peak shaving" by supplying up to 700 MW of electric capacity back to grid, which is about 11% of the capacity of all the V2G cars connected to the grid. The potential reduction of CO 2 by V2G systems is about 100 kg CO 2 per one passenger car.
Introduction
As fossil energy resources are depleted and climate change problems are becoming more important, Europe is creating new guidelines for both the energy and transport sectors [1, 2] . For transport sector the main development is based on replacement of internal combustion engine vehicles with the electric vehicles. As power generation from intermittent renewable energy sources is increasing, solutions to integrate those sources in the electric power grid while maintaining grid stability are required. The "Vehicle-to-grid" (V2G) system could provide the required solutions since it can accumulate surplus electricity and feed it back into the grid during the peak demand.
To find out the impacts and benefits of a V2G system within the electric power system, it is important to carry out simulations for a specific national energy supply system. The effects of the V2G system can vary depending on the power plant technologies, the installed capacities, the power loads, the power demand profiles and other factors [3] .
The optimum solution has to be sought along with the development of electric vehicles, corresponding infrastructure and legislation. Integration of V2G system in electric power grid system can bring a variety of benefits:
ability to accumulate electricity ability to smooth out the electrical load integration of intermittent energy sources reduction of primary energy consumption reduction of CO 2 emissions [4] .
One of the most urgent topics in many countries now is energy independence, which can be increased by raising the share of renewable energy in the energy and transport sectors. In authors' opinion, many countries, including Latvia, have high renewable energy potential, which is not yet fully utilized. The electric mobility plan is currently developed for Latvia [5] , and the plan includes scenarios and support mechanisms for the gradual introduction of electric vehicles. Therefore, it is important that initial planning documents and legislation foresees V2G system integration capabilities.
The goal of the study is to estimate the full benefits offered by the V2G system, if it were introduced in the current and possible future situation in the Latvian electric power supply system, with the current and the projected number of passenger vehicles. Modelling is performed using the advanced energy systems analysis tool "EnergyPLAN" with the Latvian power supply system's parameters and load profiles, as well as the number of passenger vehicles as inputs. Several scenarios which include and exclude V2G system and which have various installed wind power plant capacities, number and type of passenger vehicles are developed. The "EnergyPLAN" is used for the analysis of large-scale WPP integration into energy systems in combination with other renewable energy technologies, energy storage and transport systems in Denmark and other countries [6] . The tool is well suited and used for the characterization of energy supply scenarios which are 100 % based on RES in several countries. The strength of the model is the ability to include a combination of various energy and transport technologies in the analysis, consider energy consumption and supply situation on an hourly basis, perform analysis and optimization under various conditions, and obtain a variety of important technical, economic and environmental characteristics of the studied system [6] .
In the previous studies [3, 7 12] it is concluded that the V2G system provides benefits to the energy accumulation and for "peak shaving". For example Wen Liu and Henrik Lund with colleagues in their research [7] conclude that three types of electric vehicles (EVs), i.e. battery electric vehicles (BEVs), hydrogen fuel cell vehicles (FCEVs) and battery electric vehicle with V2G, show the ability to integrate more fluctuating wind power into the reference energy system, however to varying degrees. The V2G shows a better ability to integrate wind power and the best ability to increase the energy system efficiency. All types of EVs show the potential to provide increased energy system and fuel cost savings; however, with BEVs and V2G higher savings can be achieved than with the FCEVs systems. With an increasing level of wind power added to the energy system, the benefit of CO 2 emission reduction can be obtained, mostly through the V2G. The V2G also shows the best ability to sustain more CHP in the energy system without causing any excess electricity production [7] .
On the basis of the literature review it can be concluded that relatively few studies have been made in this research field and the number of research papers is relatively small.
Research methodology

Latvian power supply system
Only about 33 % of the total primary energy consumption in Latvia is covered by the local energy sources. Fossil fuel and circa 30 % of electricity are imported from several countries and supply regions. The total primary energy consumption was 188.7 PJ in 2011, and the final energy consumption was 170.7 PJ.
Shortage of electricity supply is covered and sale of surplus electricity production in some periods are being realized using interconnections. Latvian electricity supply is dominated by high installed capacity of cogeneration plants, and hydropower stations. Electricity production from natural gas reaches 3014 GWh, which is 41 % of the total electricity consumption, while production from hydropower stations reaches 2823 GWh (39 %), from wind (WPP) 71GWh [13] .
Scenarios and modeling
In order to assess the V2G system, several scenarios were developed ( Table 1) . As the 1st scenario, the scenario with V2G integration in the energy system with the current installed electric capacity of power plants and the present number of passenger vehicles was analyzed (scenarios BS, BSE, BSET). Subsequent scenarios were created by increasing installed capacity of (WPP) and solar photovoltaic power plants (solar PV) and natural gas-fired power plants, and changing the power consumption as well as the number of passenger vehicles (corresponding to 2030 forecasts). For the scenarios with WPP and solar PV installed capacities of 2000 MW for the WPP and 400 MW for the solar PV plants are assumed based on the author's estimates of the potential installed capacity in the future. Data on electricity export, import, domestic demand, as well as the hourly distribution of electricity production were taken from the Latvian Transmission System Operator [14] for the year 2011. Danish hourly distribution of PV electricity output was considered in the model, based on the similarity of the annual solar irradiation level (it ranges from 675 to 1100 kWh/m 2 in Latvia, and from 713 to 1150 kWh/m 2 in Denmark). Electric vehicle usage hourly distribution was taken from the "EnergyPLAN" software data library and reflects the situation in the US since it was assumed that, over time, a similar transport usage profile (incl. working habits and office hours) can also be applied in Latvia.
Electricity and transport energy consumption
According to estimates of the Transmission System Operator, the average annual growth in electricity consumption is projected circa 1.6 % in the period up to 2023. Given the projected growth rate and considering the actual electricity consumption in 2013, the consumption in 2030 could reach 9.695 TWh per year [15] . The total number of vehicles in 2011 was 730 thousand and 612 thousand were the passenger vehicles which consume 9.05 TWh of energy per annum [13, 16] . Assuming that the "tank-to-wheel" efficiency of internal combustion engines is 0.25 on average [17] , the annual use of mechanical energy for passenger transport can be estimated to be 2.26 TWh. If the same transportation needs (mechanical energy) is provided by the electric vehicles, it would require 2.57 TWh of the electricity per year since the efficiency of electric motor is about 0.88 [18] . The 2030 scenario assumes an increase of passenger vehicles by 57 %, reaching slightly more than 961 thousand (Table 3) . 
Number of passenger cars and V2G parameters
The number of passenger vehicles depends both on the population and the country's GDP per capita. Forecasts of the total GDP and GDP per capita show a significant increase [19] [20] [21] [22] [23] . Comparison of data collected from the Eurostat database on the number of passenger vehicles per 1000 inhabitants in Latvia, Estonia, Sweden, Finland and Germany shows that the average number of passenger vehicles calculated within a 10 year period, is 535 passenger vehicles per 1000 inhabitants in Germany, while 334 in Latvia [24] . Assuming that the number of passenger vehicles in Latvia per 1000 inhabitants may reach 535 in 2030 due to economic development, then, with the forecasted Latvian population of about 1.8 million in 2030 [23] , the total number of passenger vehicles is projected to be over 961 thousand.
One of the main parameters of the V2G system is the total battery capacity, which is a sum of the capacity of individual vehicles. All scenarios assume that the whole passenger car fleet is transferred to electric vehicles. Although such assumption is only hypothetical and it can take a long period of time to reach it, the assumption helps to determine the maximum possible effect from the V2G system. At present, electric vehicles are using lithium-ion batteries with a wide range of capacities. Assuming the average single battery capacity of 30 kWh, the total battery capacity is 18.4 GWh (for the scenarios with 612.3 thousand vehicles), and 28.8 GWh (for the scenarios with 961.1 thousand vehicles). The following additional input data were used in the modeling on the basis of the source [3] : connection power of one vehicle 10 kW, the "battery-to-grid" and "grid-to-battery" efficiency 0.9, share of vehicles that are connected to the grid while parked 0.7 and the maximum share of electric vehicles that are connected to the grid during the peak hours of transport use 0.2.
Results and discussion
Annual electricity consumption in the baseline scenario is 7.34 TWh/year, and when the consumption of electric transport is added, the total electricity consumption reaches 9.91 TWh/year. If the electric transport is not included in the calculations then the maximum and minimum electric loads are 2214 and 224 MW respectively. BSE scenario considers "simple" electric vehicles and the corresponding electric maximum and minimum electric loads while the BSET scenario observes V2G impact on the system. At the BSET scenario, the minimum load of V2G batteries is negative; and this means that electricity is supplied back to the public grid with the total peak capacity of 247 MW. A large share of electricity supplied from V2G is generated by intermittent renewable energy sources and stored in the batteries. Thus, 247 MW of peak capacity supplied from the fossil power plants are avoided reducing CO 2 emissions. On the other hand, since V2G feeds power back into the electric grid, the peak load of V2G system is 991 MW (BSET scenario) while it is 595 MW for the "simple electric vehicle" system (BSE scenario). Electric car and V2G systems affect the amount of electricity produced by dispatcheable natural gas-fired power plants as well as power import and export. Electricity generation from cogeneration increases from 3.25 TWh/year in the BS scenario to 3.77 TWh/year in the BSET scenario due to implementation of V2G system. Cogeneration plants (CHP) which can be operated also in condensing mode and import cover part of the power demand of electric vehicles which cannot be supplied by renewable energy sources. Use of electric vehicles increases power production in CHP condensing mode (comparison of the scenarios BS and BSE) by about 83 % or about 1.5 TWh/year. No power import is needed in the BS scenario because installed capacity is sufficient to cover the demand, while in the BSE scenario the import reaches nearly 0.5 TWh/year. The comparison between the BSE and BSET scenarios shows that the V2G system contributes to an increase of electricity generation from cogeneration reducing electricity generation in condensing mode and import. Thus, it can be concluded that the V2G system has advantages over "simple electric vehicle" systems.
Analysis of average electric capacity on a monthly basis (Fig. 1a) shows that there are months in which the V2G system effects are more pronounced. CHP condensing mode power generation is highest during the summer months, when hydropower plants, WPP and CHPs are incapable to cover the demand (Fig. 1a) . Figure 1a shows that a more pronounced difference between BSE and BSET scenarios are in the period from January till March. The V2G system helps to decrease condensing mode capacity during February by about 34%. During this period, the V2G system performs electric load shifting. Accumulated electricity surplus from cogeneration, wind power and hydropower electricity production reduce the power generation capacity in the condensing mode, as well as import and export volumes (see Fig. 1a, 1b) . In April, a major share of power generation is done by large hydropower stations, and a distinct drop in power generation in condensing mode and import can be observed (Fig. 1a, 1b) . When internal combustion engine passenger vehicles are replaced by electric vehicles, oil consumption is reduced to nearly 0 % but the consumption of natural gas is increased by 23 % mainly due to increased power production in the condensing mode.
Decrease of oil consumption for transport use reduces CO 2 emissions associated with use of the oil by 98 % in the scenarios BSE and BSET accordingly. In turn, the CO 2 emissions associated with use of natural gas for power generation to satisfy demand of electric cars, increases by 23 %. Total CO 2 emissions in the BS scenario reach nearly 5 Mt, in BSE scenario 3.2 Mt, while at the BSET scenario 3.19 Mt. From the results it can be concluded that also within the existing energy supply system, i.e. with the existing electricity demand replacing the whole fleet of the internal combustion engines with the electric cars could help to reduce reduce CO 2 emissions significantly. Use of V2G systems provide load shifting and reduce production in condensing mode as well as power import and export. In addition, the V2G system provides an opportunity to accumulate excess electricity from hydroelectric power station output during the spring flood. Therefore, the maximum power output of renewable energy sources can be used internally, reducing the country's energy dependence.
In order to determine the impact of the V2G system depending on the installed capacity of renewable energy plants, installed capacity of wind power plants is increased in the model from 500 MW to 2000 MW. Due to V2G system (Fig. 2a) , part of the demand can be covered by the accumulated wind power electricity. Power generation in condensing mode can be decreased by about 7 % when the installed capacity of WPP is 500 MW and by 18 % when the installed capacity is 2000 MW (comparison of scenarios VSET relative to VSE).
For the estimated number of electric vehicles, even 2000 MW of WPP capacity would be insufficient to cover the electricity consumption and therefore the power import is needed (Fig 2b) . V2G system helps to decrease the import volumes (comparison of the VSET and VSE scenarios in Fig. 2b ) by 9 % if the installed capacity of WPP is 500 MW and by 17 % if the installed capacity is 2000 MW. As V2G system accumulates the surplus electricity produced by the intermittent sources, the surplus power export can be reduced by 13 % if WPP installed capacity is 500 MW and up to 24 % if the capacity is 2000 MW. In the VSET scenario, the maximum power transferred from electric cars to the grid (520 MW) is higher than expected in the scenario PSET (372 MW) due to larger installed capacity of intermittent power sources in the VSET scenario. Results show that impact of V2G system is felt if the capacity of intermittent power sources is sufficiently large. PSET30 scenario shows that large power consumption but relatively small installed capacity of photovoltaic power plants do not produce large surpluses of electricity which can be fed back to the grid by V2G (about 12 MW). The opposite situation is with VSET30 scenario, where large installed capacity of wind power plants allows V2G system to make a significant impact and the maximum electric capacity which can be transferred back to the grid reaches 700 MW. a b
Conclusions
The goal of the study was to estimate the impact of V2G systems on energy balance, CO 2 emissions, power storage and peak demand provision. The studies were carried out by modeling the existing and future electric power supply system, considering the current and the projected number of the passenger vehicles. The comparison between the base scenarios with V2G system and without it, leads to conclusions that the V2G system has advantages over the use of "simple" electric cars since it can reduce electricity generation in condensing mode from 3.27 TWh/year to 3.15 TWh/year and import of electricity from 0.47 TWh/year to 0.44 TWh/year. With a higher capacity of renewable technologies, the "vehicle-to-grid" system effects are more significant, both in the load balancing and integration of the variable sources. In the scenario for 2030 with WPP installed capacity of 2000 MW V2G system provides a significant effect, and the maximum power of the electricity that is fed back into the grid, could reach 700 MW if all passenger cars are V2G, which is about 11 % of capacity of all the cars connected to the grid.
